We report on the surprisingly strong, broadband emission of coherent terahertz pulses from ultrathin layers of semiconductors such as amorphous silicon, germanium and polycrystalline cuprous oxide deposited on gold, upon illumination with femtosecond laser pulses. The strength of the emission is surprising because the materials are considered to be bad (amorphous silicon and polycrystalline cuprous oxide) or fair (amorphous germanium) terahertz emitters at best. We show that the strength of the emission is partly explained by cavity-enhanced optical absorption. This forces most of the light to be absorbed in the depletion region of the semiconductor/metal interface where terahertz generation occurs. For an excitation wavelength of 800 nm, the strongest terahertz emission is found for a 25 nm thick layer of amorphous germanium, a 40 nm thick layer of amorphous silicon and a 420 nm thick layer of cuprous oxide, all on gold. The emission from cuprous oxide is similar in strength to that obtained with optical rectification from a 300 μm thick gallium phosphide crystal. As an application of our findings we demonstrate how such thin films can be used to turn standard optical components, such as paraboloidal mirrors, into self-focusing terahertz emitters.
Introduction
Ultrafast photoexcitation of semiconductor materials is a commonly used technique to generate broadband terahertz (THz) pulses for imaging and spectroscopy applications [1] [2] [3] . THz pulses can be generated from both semiconductor surfaces and from semiconductor/metal interfaces, where a depletion field is present [4] [5] [6] . In general, photoexcited charge carriers in the semiconductor drift in the depletion field present near the surface or the interface, resulting in a transient photocurrent which emits THz radiation. THz radiation can also be generated in semiconductors such as indium arsenide (InAs) where the photo-Dember effect can occur [7, 8] . In this case, the incident light pulse creates a strong concentration-gradient of charge carriers. If electrons and holes diffuse away with different speeds, this leads to a transient dipole which can emit a THz pulse [9, 10] . Semiconductors like silicon (Si) and to a lesser extent germanium (Ge) are considered to be bad choices for the optical generation of THz pulses. Si and Ge are indirect-bandgap semiconductors with relatively long carrier lifetimes. Emission of THz pulses from Ge crystal surfaces excited with femtosecond laser pulses was reported by Urbanowicz et al. in 2005 [11, 12] . The photo-Dember effect was suggested as the main THz generation mechanism. For crystalline Si, the relatively weak absorption leads to absorption depths which are fairly large, larger than the surface depletion depth. This means that most of the light gets absorbed in a region of the material where there is no depletion field present and which therefore does not contribute to the emission of THz pulses, in essence wasting optical pump photons. Methods to circumvent this problem have been suggested in the literature. In 2008, Hoyer et al. reported THz emission from black Si [13] . Black Si is prepared by surface modification of Si, making the reflectivity low and enhancing the light absorption near the surface. This leads to the emission of stronger THz pulses. THz generation from nano-crystalline Si in a photo-conductive switch was reported in 2011 [14] .
In these earlier works, the semiconductors are used either in bulk or as thin films of ∼ 1 μm thickness [15] [16] [17] [18] . Thin layers of thickness ∼ 100 nm or less are not typically used. One of the main reasons for this is the assumption that as the physical thickness becomes smaller than the optical absorption depth, less pump light is absorbed, thus decreasing the emitted THz amplitude.
Here, we report on enhanced THz emission from ultrathin layers of a-Si, a-Ge and from poly-Cu 2 O deposited on gold (Au). We find that, as the layer becomes much thinner than the optical absorption depth of the pump light, the THz emission increases strongly. For example, for a 25 nm thick layer of a-Ge on Au we measure ∼ 7 times stronger fields (∼ 49 times higher power) than from a-Ge on glass. For a 40 nm thick layer of a-Si on Au, a bad THz emitter under normal circumstances, we observe the emission of a ∼ 42 times larger THz amplitude than from a-Si deposited on glass. We observe a particularly strong emission from ∼ 420 nm of poly-Cu 2 O on Au excited with laser pulses at a wavelength of 800 nm [19] . The emission amplitude in this case is comparable to the emission by optical rectification from a 300 μm thick, (110) oriented gallium phosphide (GaP) crystal. The strong emission is surprising since the excitation occurs with a photon energy smaller than the bandgap energy of Cu 2 O, and also because Cu 2 O is not a known THz emitter material.
For all three cases, we find that the THz emission amplitude is related to the optical absorption, which is strongly enhanced by the so called cavity-resonance effect, which causes the semiconductor layer to act as its own antireflection coating. This increases the effective interaction length and concentrates the optical absorption in the depletion region of the material, where it counts for the THz emission. Our results provide a way to turn bad THz emitters into good ones, and as an application we show that we can prepare curved surfaces, such as a paraboloidal mirror, that both emit and concentrate THz light.
Experimental
A schematic of the experimental setup is shown in Fig. 1(a) [20] . The laser source (not shown in the figure) is a Ti: Sapphire oscillator (Scientific XL, Femtolasers) generating p-polarized light pulses of 50 fs duration, centered at a wavelength of 800 nm with a repetition rate of 11 MHz. An average pump power of 260 mW is used for exciting the samples. The pump beam is incident on the sample at a 45°angle of incidence. A plano-convex lens of focal length f = 150 mm is used to focus the pump beam to a spot size of ∼ 1-2 mm for the case of Cu 2 O/Au and a-Ge/Au, and ∼ 2-3 mm for the case of a-Si/Au. The emitted THz light is collected using an off-axis paraboloidal mirror of effective focal length f e = 100 mm and diameter D = 50 mm. Another paraboloidal mirror is used to focus the THz light onto the electro-optic detection crystal, where the probe pulse is also focused. We detect the electric field of the emitted THz pulses by free space electro-optic sampling with a 500 μm thick, (110) oriented zinc telluride (ZnTe) crystal [21] . In some experiments, in order to improve the signal to noise ratio, the pump beam is chopped using a mechanical chopper at a frequency of 3 kHz, and lock-in detection is employed. The integration time used is 300 μs. The detected THz waveforms were typically averaged for about 3 minutes.
The samples consist of stripes of semiconductor layers with a width of about 5 mm and a length of about 10-20 mm, deposited on Au coated Si substrates. Thin layers of poly-Cu 2 O were prepared by first depositing thin films of copper (Cu) using e-beam evaporation, followed by complete oxidation into Cu 2 O films by heating at a temperature of 250 • C in the ambient atmosphere for three hours. The oxidation of Cu into Cu 2 O was confirmed by X-ray diffraction (XRD) measurements. The resulting oxide layer has a thickness ∼ 1.5 times larger than the original Cu layer thickness [19, 22] . a-Ge and a-Si layers were prepared by radio frequency (RF) plasma sputtering. XRD analysis shows that the sputtered Ge and Si thin films are amorphous in nature.
Enhanced terahertz emission from thin films deposited on gold
In Fig. 1(b) , we plot the THz electric field as a function of time, emitted from a 25 nm thick a-Ge layer deposited on glass, and from the same thickness of a-Ge deposited on Au. The peak-to-peak THz amplitude emitted from the a-Ge/Au sample is about 7 times larger (about 49 times in intensity) than that from the same thickness of a-Ge deposited on a glass substrate. The emitted THz pulse shown in Fig. 1(b) is p-polarized. It consists of a nearly single-cycle pulse with an oscillatory trailing part that is caused mainly by the absorption and re-emission of the THz light by water vapor in the atmosphere. In Fig. 2(a) , we plot the emitted THz amplitude as a function of layer thickness for a-Ge on glass. As the thickness of the a-Ge layer increases, the emitted THz amplitude is rather small and stays more or less at about the same level. Also plotted in the same figure is the pump light absorption vs. a-Ge layer thickness on glass, obtained from the measured incident, reflected, and transmitted pump light from the sample. The overall absorption of the pump light increases as the thickness increases, which is expected as the interaction length of the pump light with a-Ge increases (Lambert-Beer law). It also oscillates as a function of the layer thickness. However, the pump light absorption and the emitted THz amplitude are not simply correlated. In Fig. 2(b) , the emitted THz amplitude and the percentage absorption of the pump light are plotted as a function of the thickness of the a-Ge layer deposited on Au. In this case, there is no transmission of the pump light through the sample, as the Au layer blocks the 800 nm beam. Here, the emitted THz amplitude peaks at the values where the pump light absorption also peaks, in contrast with what we saw for the case of a-Ge layers on glass [ Fig. 2(a) ]. Interestingly, the maximum THz emission occurs when the thickness of the layer is only 25 nm. The next maximum in the emitted THz amplitude, at a thickness of ∼ 140 nm, is much smaller than this. We want to point out that the optical absorption at the wavelength of 800 nm, for a layer thickness of 25 nm is surprisingly large, namely ∼ 96%. In Fig. 2(c) , the emitted THz amplitude from thin films of a-Si on Au, is plotted as a function of a-Si layer thickness. Maximum THz emission was observed for an a-Si layer thickness of 40 nm. The absorbed pump power is also plotted as a function of the a-Si layer thickness in the same figure. In this case, the pump power absorption increases as the thickness of the layer increases, but the maximum in the emitted THz amplitude coincides with the first pump absorption peak at 40 nm. Although somewhat weaker than for 25 nm of Ge, the optical absorption for such a thin layer is still quite high at ∼ 65%, which is slightly lower than the next maximum at a thickness of ∼ 140 nm. We find that the THz emission amplitude for 40 nm thick layer of a-Si on Au is ∼ 42 times stronger than that from a 40 nm thick a-Si layer on glass, and also much stronger than the emission from bulk Si wafers (not shown here).
In Fig. 2 (d), we plot the emitted THz amplitude as a function of the poly-Cu 2 O layer thickness on Au. Here the THz amplitude shows an overall increase with the increasing thickness of the film, and oscillates as a function of the layer thickness, as does the absorption of the pump light plotted in the same figure. The biggest surprise here is the absolute strength of the emission. In Fig. 3 (a), we show a comparison between the THz amplitudes emitted from a 420 nm thick poly-Cu 2 O layer on Au, and from a standard 300 μm thick (110) oriented gallium phosphide (GaP) crystal. Although the signal from GaP is a little stronger, the signals are comparable in magnitude. In Fig. 3(b) , we compare the frequency spectra emitted from the three semiconductors on Au, each obtained using the optimum thickness for maximum THz emission (Cu 2 O layer of 420 nm thickness, a-Ge layer of 25 nm, and a-Si layer of 40 nm). In this case, a 300 μm thick GaP (110) EO detection crystal was used to maximize the THz detection . Here, we observe relatively strong, broadband emission from a 420 nm thick, poly-Cu 2 O layer on Au, excited at room temperature, below the bandgap. The surprisingly strong absorption of light by ultrathin films of semiconductors on top of Au is a recurring feature in our measurements and will be discussed shortly. Based on this observation, we can speculate that the enhanced pump light absorption in such thin layers can perhaps help to explain the observation of enhanced THz emission. In order to understand this more clearly, we need to see how thin absorbing films deposited on metal substrates can show counter-intuitively high absorption of light. In the following sections, we argue that this is most likely explained by the 'coherent optical absorption' or 'cavity-resonance effect' as it is sometimes called. We note that in a recent report, Kats et al. also showed that ultrathin films of Ge deposited on metallic substrates can show strong absorption and that they can change the appearance of Au [28] .
Interestingly, in Fig. 2(b-d) , the peak values in the emitted THz amplitude and in the pump light absorption, plotted as a function of layer thickness, do not show an obvious correlation. In Fig. 2(b) , the maximum emitted THz amplitude coincides with the first optical absorption peak at an a-Ge layer thickness of ∼ 25 nm. The next peak in the THz amplitude is much smaller, although the optical absorption is comparable to that of the first peak. In the case of a-Si/Au [ Fig. 2(c) ], the second optical absorption peak at an a-Si layer thickness of 140 nm is higher than the first peak at 40 nm, whereas the emitted THz amplitude is maximum at the first optical absorption peak. For Cu 2 O/Au, in Fig. 2(d) , the peak values in the emitted THz amplitude increases much more rapidly compared to the peaks in the optical absorption. The reason for these different behaviors stems from the fact that the THz generation basically takes place in the Schottky depletion region. In the case of a-Ge/Au, the extent of the depletion region must be closer to 25 nm. For a-Si/Au, the depletion layer must be about 140 nm thickness, as the THz emission at this thickness is still high compared to the first peak. For Cu 2 O/Au, the depletion region must be about 420 nm or wider, as the peak values in the emitted THz amplitude keep increasing with increasing thickness of the Cu 2 O layer.
Enhanced coherent optical absorption
In Fig. 2 , the oscillatory peaks seen in the absorbed pump power as a function of the semiconductor layer thickness are probably the result of the Fabry-Perot oscillations taking place in the thin films. To confirm this, we have performed calculations of the reflection, transmission and absorption of the pump light by these samples.
Considering a three layer system as shown in Fig. 4 , the total reflection coefficient r p can be calculated using the Fresnel equations as, [29] 
where r 12 and r 23 are the complex reflection coefficients corresponding to the interface between the media 1 and 2, and 2 and 3 respectively, d is the thickness of the semiconductor layer (medium 2), and k (z,2) is the propagation constant in medium 2 along the z axis. For the cases in which r 12 becomes equal and opposite in sign to r 23 e 2ik (z,2) d , r p becomes very small. In reality, this means that the first reflected amplitude of light from the interface between media 1 and 2 destructively interferes with the part of the light which gets first reflected from the interface between media 2 and 3 and then emerges from medium 2 [30] . This requires the right value of the imaginary part, κ, of the refractive index of the material,ñ = n + iκ, such, that a sufficient number of bounces inside the thin layer 2 can still occur to allow for sufficient destructive interference in the reflected direction. Simultaneously, a significant enhanced absorption occurs due to multiple reflections inside the layer, which effectively increases the optical path length. This effect is somewhat subtle. For a given appropriate thickness of the layer, the absorption coefficient of the semiconductor should have just the right value to make destructive interference in the reflected direction possible, and simultaneously allow for sufficient absorption during the multiple reflections. If the absorption coefficient is too large, the optical absorption approaches the corresponding bulk values. If the absorption coefficient is too small, most of the light will eventually be reflected, and some of it will be absorbed by the Au underneath. Within the context of photodetection, this enhanced coherent absorption is also known as 'cavity enhanced absorption' and is also related to the recently reported anti-laser [31-33].
Terahertz emission from sputtered germanium
In Fig. 5(a) , we plot both the measured and the calculated (using Eq. 1) pump light absorption as a function of the a-Ge layer thickness on glass. A good match between the measured and calculated optical absorption is obtained for the complex refractive indexñ Ge = 4.5 + i0. 6 . A linear increase in the emitted THz amplitude is observed when the pump power incident on the sample is increased (not shown here). This suggests a second-order nonlinear optical process. At least two THz generation mechanisms are possible in this case: the photo-Dember effect and the transient photocurrent surge in the surface depletion field, which are both 'surface-related' phenomena, where with 'surface', we mean a multi-atom thick layer of semiconductor close to the air-semiconductor interface. In Fig. 5(b) , we plot the measured and calculated pump power absorption by a-Ge layers deposited on Au, as a function of the layer thickness. The value of the complex refractive index n used for the calculations is the same as in the case of a-Ge layers on glass. The complex refractive index of Au used for the calculations isñ Au = 0.148 + i4.927. Unlike the behavior seen in the case of a-Ge layers on glass, the absorption by a-Ge/Au does not show an overall increase as the thickness of the a-Ge layer increases. Instead, the maximum absorption occurs at a thickness of 25 nm, and the next etalon peak appearing at 140 nm shows a slightly lower absorption. For thicker layers, the maximum absorption decreases further.
The explanation for this is to be found in a combination of optical absorption and etalon oscillations. Again, we note that this is a subtle effect that depends on the thickness of the layer and the exact value of the absorption coefficient. For example, if the absorption coefficient is very large, no light reaches the Au layer and the a-Ge layer acts like a bulk material with the corresponding values for the reflection and absorption. If the absorption coefficient is too small, interference between the reflection from the air/a-Ge interface and from the a-Ge/Au interface can occur, but most of the light will be reflected anyway or will be absorbed by the Au underneath. In Fig. 6 , we show the calculated absorption of p-polarized 800 nm light incident at 45°on a 25 nm thick a-Ge layer on Au, as a function of the absorption index, κ, keeping the real part of the refractive index, n = 4.5, constant. The figure shows that as κ decreases from higher values, the absorption increases and reaches a maximum at κ = 0.85. For the complex refractive index used in the calculations shown in Fig. 5 , the absorption is at a maximum for an a-Ge layer thickness of 25 nm. For this thickness, enough pump light is back-reflected from the Au to give sufficient destructive interference in the reflected direction. At the same time, multiply-reflected light inside the a-Ge layer leads to an increased effective interaction length and thus to more absorption.
For the case of bulk a-Ge, the attenuation of I o , the pump light intensity just inside the material (for simplicity, reflection losses are ignored), as a function of the depth z is given by the Lambert-Beer law, [29] I
The absorption coefficient α is given by,
where λ is the wavelength of the light wave. The absorption coefficient for a-Ge can be calculated from the imaginary part of the refractive index, using Eq. 3, and has a value of 9.42 × 10 6 m −1 . From this we can calculate, using Eq. 2, that for 96% absorption of the pump light to occur in a single pass, a 342 nm thick layer is required. It is remarkable that the same absorption is achieved here by a 25 nm thick layer when it is interfaced with an Au layer. This is ∼ 14 times thinner. It may come as a surprise that the first maximum in the absorption occurs for an a-Ge layer thickness of only 25 nm, whereas for a non-absorbing dielectric coating on a perfect metal, a minimum reflection is obtained when the optical thickness of the coating is ∼ λ /4 (for normal incidence), which corresponds to a thickness of ∼ 44 nm. The explanation for this is that, in contrast to reflection by a perfect metal, here the phase-shift of the optical wave upon reflection from the Au is not 180°but has some other value, in effect shifting the position of the first minimum in reflection vs. layer thickness to ∼ 25 nm. We note that this also implies an increased absorption of light by the metal itself since the a-Ge layer reduces the impedance mismatch between Au and the air. An extreme example of this is the nearly 100% absorption of light at a wavelength of 400 nm by an a-Si layer of only 5 nm thickness deposited on silver (Ag). We observed that this ultrathin layer of a-Si gives Ag an Au-like appearance due to the broadband κ Fig. 6 . Calculated percentage absorption of the pump power by a 25 nm thick layer of a-Ge on Au, for 45°angle of incidence, plotted as a function of the absorption index, κ. The real part of the refractive index, n = 4.5, is kept fixed. absorption of light around the wavelength of 400 nm. In [28], something similar was reported for a 7 nm thick layer of Ge on Ag. In terms of maximizing the absorption while reducing the layer thickness, a-Si is therefore a better choice.
Photocurrent in the Schottky field
So far, we have not discussed the origin of the emitted THz pulses. However, in view of the results it seems likely that a Schottky interface, with a corresponding depletion layer and a static electric field is present near the Au/a-Ge interface. The near infrared pump light centered at the wavelength of 800 nm is absorbed by the a-Ge layer (The bandgap of crystalline Ge is 0.67 eV [34] ). This creates electron-hole pairs. The Schottky field at the interface between Au and a-Ge can act on these charge carriers, resulting in a transient photocurrent which can emit a THz pulse into the far field [1]. THz emission, although much weaker, is also seen from a-Ge on glass where no Schottky interface is formed. For crystalline Ge, the photo-Dember effect was reported as the mechanism for the generation of THz pulses [11] . When a concentration gradient is achieved near the surface of a semiconductor by photo-exciting electron-hole pairs, they start diffusing away. If the mobility of the electrons and holes is different, electrons (in general) move faster than holes and leave the holes behind. This leads to the build-up of a dipole layer near the surface. This is known as the photo-Dember field [8, 35] . When the excitation of the semiconductor is done with a femtosecond laser pulse, this leads to the generation of a time-varying dipole which can emit a THz pulse. Such a carrier concentration gradient can also form, in principle, when a standing wave is formed by the pump light incident on the sample and the light reflected from the Au layer. Such a standing wave will give rise to a field node at the Au surface with corresponding low intensity. The intensity then increases as the distance to the Au surface increases. In order to determine whether this plays a role, we included a ∼ 2 nm thick layer of silicon dioxide (SiO 2 ) in between a-Ge and Au to form a metal-insulator-semiconductor (MIS) interface. The purpose of this layer is to strongly reduce the possibility of carrier transport between the Au and the a-Ge so as to hinder the formation of a depletion field, while having only a tiny effect on the formation of a standing wave. If the emitted THz amplitude does not change, this can provide evidence that the photo-Dember effect is the dominant generation mechanism. In Fig. 7 , we plot the THz electric field as a function of time, emitted from the a-Ge/Au interface and the a-Ge/SiO 2 /Au interface. The thickness of the a-Ge layers is 25 nm. The figure shows that the inclusion of the SiO 2 layer reduces the emitted THz amplitude by a factor of about 10. Note also that the sign of the emitted field is flipped. Thus, the photo-Dember effect cannot be the main mechanism responsible for the strong THz emission from the 25 nm thick a-Ge deposited on the Au surface.
Terahertz emission from sputtered silicon
In Fig. 8 , we show a comparison of the measured absorbed pump power by a-Si layers on Au vs. layer thickness, with the calculated absorbed power. It can be seen that as the thickness of the a-Si layer increases, the absorbed pump power also increases, in reasonable agreement with the experimental results. We can also see the Fabry-Perot oscillations. The refractive index of a-Si in this case is extracted to beñ Si = 3.9 + i0.11. The absorption coefficient of a-Si can be calculated from Eq. 3 and is 1.7 × 10 6 m −1 . Assuming the same values for bulk a-Si, using Eq. 2, we can calculate that a layer with a thickness of 962 nm is required to achieve 81% of the pump light absorption in a single pass; a value reached here with a layer of only 140 nm thickness deposited on Au. Again, the coherent optical absorption, or the cavity resonance effect, increases the effective optical path length inside the thin a-Si layer, in this case by a factor of 960/140 = 6.9. Similar to the case of a-Ge/Au, the THz emission from a-Si/Au samples is also through a second-order nonlinear optical process. We note that freshly prepared thin films of a-Si show a photo-stabilization of the THz emission and the emitted THz amplitude drops to about 93% of the original value before reaching a steady level in about 3 minutes [36] .
Crystalline Si has a larger bandgap (1.11 eV) compared to Ge [34] . The THz emission from indirect bandgap semiconductors like Si and Ge, is usually small (for Ge) or negligible (for Si). This limits the incorporation of Si and Ge in THz photonic devices. The THz emission from bulk Cu 2 O is also very small. However, very thin films of these semiconductors show significant enhancement in THz emission when they are interfaced with Au layers. Various factors can play a role in this process. Based on our experiments, we suggest the enhancement can happen because of three main factors:
• The Schottky field at the semiconductor/Au interface acts as an accelerating field for the photo-generated charge carriers. This can lead to THz emission [1].
• The Au layer acts as a reflector for the forward propagating THz light. The generated THz dipole can radiate in both forward and backward directions, but in the end all THz light emerges in the specular reflection direction.
• As we discussed in detail above, by choosing the thickness of the semiconductor layer appropriately, the pump light can be confined inside a very thin layer close to the Au surface by the Fabry-Perot cavity resonance, leading to increased optical absorption by the film [33] . This leads to enhanced THz emission because this forces most of the light to be absorbed in a region of the semiconductor, i.e. in the Schottky depletion region, where this counts for the THz emission.
Terahertz emission from cuprous oxide
Let us now consider THz emission from the poly-Cu 2 O/Au interface, which is the best emitter among the three cases, in detail. Normally, Cu 2 O is a material which has little absorption at the wavelength of the pump beam, 800 nm. The poly-Cu 2 O films that are prepared by the oxidation of Cu layers deposited on glass show a small amount of absorption, probably because of the impurities introduced during the preparation. However for a poly-Cu 2 O layer thickness of 60 nm on Au, the optical absorption is already ∼ 55%, which increases to 75% as the thickness increases to 420 nm. The oscillations in the absorbed power vs. layer thickness are due to etalon effects. The absorption is remarkably high considering that the excitation photon energy is 1.5 eV, which is below the 2.1 eV-bandgap of Cu 2 O. In Fig. 9 The increase in the emitted THz amplitude with the thickness of the film can only be expected as long as the film thickness is in the range of the Schottky depletion layer width. Beyond the depletion layer width, the increased absorption by multiple reflections inside Cu 2 O may not contribute much to enhanced THz emission, although the pump light absorption still increases. After the 75% absorption achieved at 420 nm thickness, we can assume that more absorption can be achieved at the next peak. However this may not necessarily contribute to higher THz emission from the sample. This is also evidenced by the smaller THz amplitude emitted from the a-Ge layer of ∼ 120 nm thickness deposited on Au, although the optical absorption is comparable to that by the layer of 25 nm thickness (Fig. 2(b) ). In all the three semiconductors that are used in this study, the exact width of the depletion layer is unknown.
Terahertz emission mechanism
A linear increase in the emitted THz amplitude from Cu 2 O/Au is observed when the pump power incident on the sample is increased (not shown here). This suggests that, here too, a second-order nonlinear optical process is responsible for the emission. Based on our experimental results, there can be three mechanisms responsible, as discussed below. Cu 2 O in general is known to be a p-type semiconductor due to the presence of Cu vacancies [37] . Electrical and optical properties of different Cu 2 O/metal interfaces have been studied in detail in the past [38] [39] [40] . Cu 2 O forms a Schottky barrier when it is in contact with metals such as Cu [41] . Ultrafast excitation of a Schottky interface can lead to the formation of transient photocurrents emitting pulses of THz light. In Cu 2 O/Cu such a photocurrent can be formed in two different ways: a) By the excitation of sub-bandgap impurity levels in Cu 2 O in the depletion region, b) By internal photoemission of holes from the metal into Cu 2 O [42] [43] [44] . These two processes involve the excitation of real charge carriers. THz emission from a Schottky interface can also arise without the excitation of real charge carriers. The presence of the depletion field can contribute to an effective second-order nonlinearity from the Cu 2 O layer, even though crystalline Cu 2 O ideally possesses a center of inversion symmetry. A static electric field E s can break the inversion symmetry to create a field-induced second-order nonlinear susceptibility χ (2) ∼ E s χ (3) , where χ (3) is the third-order nonlinear susceptibility [45, 46] . At present, the exact mechanism of THz generation from Cu 2 O/Au interfaces is not completely understood. In general, Cu 2 O tends to form an Ohmic contact with metals like Au [47] although, recently, some reports have also emerged showing that Au on top of Cu 2 O nanowires can form a Schottky contact [48] . It is, however, very likely that a Schottky field is formed in our Cu 2 O/Au samples. The reason for this is the formation of a CuAu alloy at the interface. It has been reported that at the elevated temperature used in our experiments to oxidize Cu, Cu atoms can diffuse into Au to form a CuAu alloy at the interface [49, 50] . Since the work function of Cu is lower than that of Au, and since the Cu 2 O/Cu interface is known to form a Schottky contact, it is likely that CuAu has a work function lower than that of pure Au, so that a Schottky contact can be more easily formed between Cu 2 O and CuAu. Indeed, the chemical removal of the Cu 2 O layer from the Au showed that the Au layer has acquired a pink, 'rose-gold' shine, typical for CuAu alloys. XRD analysis of the samples after the removal of Cu 2 O layer confirms the presence of the CuAu alloy [51] .
Terahertz generation from nonplanar surfaces
Thin layers of semiconductors and Au can be prepared on nonplanar surfaces also. This allows us to fabricate optical components that have a double function, such as a mirror that generates and simultaneously focuses the THz radiation. In order to demonstrate this, we prepared a Cu 2 O/Au interface on an off-axis paraboloidal mirror surface with f e = 50 mm and D = 25 mm, by first depositing a 200 nm thick Au layer and then a 150 nm thick Cu layer using e-beam evaporation. The Cu layer was then fully oxidized to Cu 2 O by heating it in the atmosphere at 250°C. Now, this paraboloidal mirror surface can act as an extended THz source when illuminated with a pump laser beam covering the mirror surface. A beam with an average pump power of 260 mW is expanded to a diameter of ∼ 20 mm on the curved mirror surface. In Fig. 10 , we show the schematic of the setup used to generate THz radiation from this paraboloidal mirror. A diverging pump beam from the focus of a smaller focal length plano-convex lens is incident on the paraboloidal mirror surface as shown in the figure. The focus of the pump beam is exactly at the focal point of the paraboloidal mirror. At each point at the surface of the paraboloidal mirror, THz light is generated. The phase relationship of all these THz wavelets is such that the emitted THz beam is plane parallel [52] . This THz beam is focused by another off-axis paraboloidal mirror to the detection crystal. A typical detected THz electric field is shown in the inset of Fig. 10 . This proof-of-principle experiment suggests that (non)planar optical elements in a THz setup can be suitably converted into THz emitters, where the emitted THz beam automatically follows the functionality of the optical element. Generating THz radiation from paraboloidal mirrors themselves can help in reducing the number of optical components used in the optical setup to steer and focus the THz light and to reduce the length of the beam path.
Conclusion
In this report, we have demonstrated that, using the method of coherent optical absorption, the THz emission from three semiconductors poly-Cu 2 O, a-Ge and a-Si can be significantly enhanced. Our experimental results indicate that the main mechanism responsible for the THz emission in all the three cases is most likely the transient drift of photo-generated charge carriers in the Schottky field. The experiments and calculations show a remarkable, counter-intuitive strong absorption in such thin layers. For poly-Cu 2 O, a-Ge and a-Si thin films, the effective optical interaction length increases by a factor of 3, 14 and 7 respectively, when thin layers of these materials are deposited on Au. Thus, significant THz emission from extremely thin layers becomes possible because practically all the charge carriers are generated in the depletion region. In comparison with InAs surface emitters, we estimate that the emitted THz amplitude from Cu 2 O/Au is still about a factor of 30 smaller. However, we note that the enhancement of THz emission is not limited to the three semiconductors described in this paper. For example, we also observe fairly strong THz emission from thin films of silver sulfide (Ag 2 S), a semiconducting material [53] , formed on silver (Ag) substrates. It might also be possible to have enhanced terahertz emission from thin films of GaAs or InAs of the right thicknesses deposited on metal surfaces. Combined with plasmonic enhancements, thin film semiconductor/metal interfaces may be of great value in integrated THz photonic devices [54] .
